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a  b  s  t  r  a  c  t
Perﬂuorooctanoic  acid  (PFOA),  an  emerging  persistent  organic  pollutant,  recently  receives  worldwide
concerns  including  methods  for its efﬁcient  decomposition.  Three  kinds  of  nanostructured  In2O3 mate-
rials  including  porous  microspheres,  nanocubes  and  nanoplates  were  obtained  by dehydration  of the
corresponding  In(OH)3 nanostructures  at 500 ◦C  for 2  h.  The  In(OH)3 nanostructures  with  different
morphologies  were  solvothermally  synthesized  by  using different  mixed  solvents.  As-obtained  In2O3eywords:
olvothermal process
ndium oxide
anostructure
erﬂuorooctanoic acid
hotocatalysis
nanomaterials  showed  great  photocatalytic  activity  for  PFOA  decomposing.  The  decomposition  rates  of
PFOA by different  In2O3 materials,  i.e.  porous  microspheres,  nanoplates  and  nanocubes  were  74.7,  41.9
and  17.3  times  as  fast  as that by P25  TiO2, respectively.  The  In2O3 porous  microspheres  showed  the  high-
est  activity,  by  which  the  half-life  of  PFOA  was  shortened  to 5.3 min.  The  roles  of surface  oxygen  vacancies
on  the  adsorption  and  photocatalytic  decomposition  of  PFOA  were  discussed,  and  it  was found  that  In2O3
materials  with  higher  oxygen  vacancy  defects  show  better  activity.
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. Introduction
Perﬂuorinated chemicals (PFCs) have been widely used as emul-
ifying agents in polymer synthesis, surface treatment agents in
hotolithography, ﬁre retardants, carpet cleaners, paper coatings
1–3] and so on. As a result, some of PFCs, especially perﬂuorooc-
anoic acid (PFOA), have been ubiquitously detected in various
∗ Corresponding author. Tel.: +86 10 62796840; fax: +86 10 62797760.
E-mail address: zpy@tsinghua.edu.cn (P. Zhang).
304-3894     ©  2013 The Authors. Published by Elsevier B.V. 
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Open access under CC BY license.e Authors. Published by Elsevier B.V. 
kinds of waters, animals and humans, and are found to be globally
distributed [4–9]. PFOA is bioaccumulative and environmentally
persistent. And exposure to PFOA will lead to developmental and
reproductive toxicities, liver damage, thyroid disease and possible
cancer [10–14]. Because of its high stability, there is no known nat-
ural decomposition processes and most conventional techniques
including biological degradation, oxidation and reduction are also
not effective to destruct PFOA under mild conditions [15,16].
Heterogeneous photocatalysis is an effective mild method for
the treatment of various pollutants including halogenated organics.
Open access under CC BY license.Although numerous organic pollutants can be readily photocata-
lyzed to CO2 and H2O via TiO2 photocatalysts, TiO2 shows low
activity for decomposing PFOA under mild condition, or harsh reac-
tion conditions are necessary [17–20]. Previously we  studied the
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eterogeneous photocatalytic decomposition of PFOA by indium
xide (In2O3) [21], ﬁnding that commercial In2O3 product pos-
esses signiﬁcant activity for PFOA decomposition with the rate
onstant about 8.4 times higher than that by TiO2.
The catalytic performance of nanomaterials is determined either
y the composition in terms of the atomic structure [22] or by the
orphologies that affect surface atomic arrangements, coordina-
ion and speciﬁc surface area [23,24]. Because the photocatalytic
ecomposition of PFOA involves in electron transfer from PFOA to
hotocatalyst [21], the morphology of photocatalysts is thought to
lay an important role in improving the decomposition rate. To the
est of our knowledge, there is no study on the effects of In2O3
orphologies on PFOA decomposition. In2O3 nanostructures with
ifferent morphologies have been developed and exhibited novel
hape-dependent properties, such as improved optical properties
nd excellent gas-sensing characteristics. To date, many methods
ave been created to prepare different In2O3 nanostructures, such
s lotus-root-like nanostructures, ﬂower-like microstructures, hol-
ow spheres, and hierarchical microspheres [25–28]. Nevertheless,
t is still a hot theme to fabricate novel In2O3 nanostructures with
ifferent morphologies in order to further improve its performance.
In this study, three In(OH)3 products with different morpholo-
ies were synthesized by a solvothermal process with different
olvents. And then In2O3 nanostructures including porous micro-
pheres, nanocubes and nanoplates were obtained by calcining
heir In(OH)3 precursors. The photocatalytic decomposition of
FOA by as-obtained In2O3 nanomaterials was investigated, and
he correlation between activity and morphology and its reason
as discussed.
. Experimental
.1. Synthesis of In(OH)3 and In2O3 materials
All chemicals were of analytical grade and used with received.
arious In(OH)3 nanostructures were synthesized by a solvother-
al  process. In a typical synthesis of In(OH)3 porous microsphere,
.77 mmol  of In(NO3)·4.5H2O was ﬁrst dissolved into 34 mL  of
thanol. Then 34 mL  of 1,2-propanediamine was dropped into the
bove solution with continuous stirring. After stirred for 15 min, the
ixture was transferred into a 100-mL Teﬂon-lined stainless steel
utoclave. The autoclave was sealed and maintained at 180 ◦C for
6 h. After being cooled to room temperature naturally, the white
recipitate, i.e. In(OH)3, was collected by centrifugation, washed
ith deionized water and ethanol for several times. In2O3 porous
icrospheres were obtained from the corresponding In(OH)3 pre-
ursor via calcination at 500 ◦C for 2 h in air. In2O3 nanoplates and
anocubes were synthesized with the similar procedure, except
hat the solvents were changed to H2O/1,2-propanediamine for
anocubes, and H2O/1,3-propanediamine for nanoplates, respec-
ively.
.2. Characterization
X-ray powder diffraction (XRD) patterns were taken on PAna-
utical X’Perpro diffractometer at 40 kV voltage and 30 mA current.
ransmission electron microscopy (TEM) images were taken on a
EM 2010F microscope at an accelerating voltage of 200 kV. The
orphologies of the samples were observed by using an ultra high-
esolution ﬁeld-emission scanning electron microscope (FESEM,
-5500, Hitachi) performed at an accelerating voltage of 30 kV. The
hemical state of samples was determined by X-ray photoelectron
pectroscopy (XPS, PHI-5300, ESCA) at a pass energy of 50 eV, using
l K as an exciting X-ray source. The porosity and adsorption prop-
rty were determined with a Micromeritics ASAP-2000 nitrogenaterials 260 (2013) 40– 46 41
adsorption apparatus. The diffuse reﬂectance absorption spectra
(DRS) of the samples were recorded on a UV–vis spectrophotometer
(Hitachi UV-3100) equipped with an integrated sphere attachment.
2.3. Photocatalytic procedures
The photocatalytic decomposition of PFOA was conducted in a
tubular quartz vessel reactor under UV irradiation. A low-pressure
mercury lamp (15 W)  emitting 254 nm UV light was placed in the
center of the reactor with two-layer quartz tubes protection. A
0.05 g portion of catalyst was  suspended in 100 mL  PFOA aqueous
solution without any addition of acid or alkali. Before irradia-
tion, the suspensions were stirred in the dark for 1 h to ensure
the adsorption–desorption equilibrium. Then, the suspension was
added into the tubular reactor. Oxygen gas was continuously bub-
bled into the reactor through a porous glass plate with a ﬂow rate
at 60 mL/min during the whole reaction. Then the lamp was turned
on and the temperature was  kept constant with a cooling water
jacket around the reactor. TiO2 (Degussa P25) was  adopted as the
reference with which to compare the photocatalytic activity under
the same experimental conditions.
2.4. Analyses
Concentrations of PFOA were determined by an ultra per-
formance liquid chromatography–tandem mass spectrometry
(UPLC–MS/MS) consisting of an UPLC system (Waters Corp., USA)
with a C18 column (2.1 mm × 50 mm  i.d., particle size 1.7 mm,
Waters Corp., USA) and Quattro Premier XE tandem quadrupole
mass spectrometer (Waters Corp., USA) with an electrospray ion-
ization source. The mobile phase was a binary mixture of solvent A
(2 mmol/L ammonium acetate in 100% methanol) and B (2 mmol/L
ammonium acetate in 5% methanol) at a ﬂow rate of 0.3 mL/min.
The gradient started with 25% A and linearly ramped to 85% A in
5 min, then backed to 25% A in 2 min  and maintained for 3 min.
The tandem MS  analysis was  conducted using the multiple reac-
tion monitoring (MRM)  mode, and the cone voltage and collision
energy were 30 V and 11 eV, respectively. Other perﬂuorocar-
boxylic acids (PFCAs) including perﬂuoroheptanoic acid (PFHpA),
perﬂuorohexanoic acid (PFHxA), perﬂuoropentanoic acid (PFPeA),
perﬂuorobutanoic acid (PFBA) and triﬂuoroacetic acid (TFA) were
also determined with the same method mentioned above.
3. Results and discussion
3.1. Morphology and crystal phase of as-synthesized samples
The morphology and microstructure of In(OH)3 samples syn-
thesized by the solvothermal method with different solvents were
observed by FESEM. Fig. 1(a) shows that In(OH)3 porous micro-
spheres were obtained by using ethanol and 1,2-propanediamine
as solvents. The as-obtained porous microspheres have a diameter
of about 180 nm.  And each microsphere is composed of numer-
ous nanoparticles with diameters of 2–6 nm that are randomly
assembled to form porous structure, which makes the spheres
look very rugged. The In(OH)3 nanocubes were synthesized by
using water and 1,2-propanediamine as solvents. As shown in
Fig. 1(b), the nanocubes have an edge length of 50–180 nm, and each
nanocube consists of several oriented nanoplates, which have an
edge length of 10–40 nm and a thickness of 2.4–8.2 nm. The FESEM
in Fig. 1(b) also indicates that there are some interstices in each
In(OH)3 nanocube, which may originate from a self-assembly pro-
cess. While by using H2O and 1,3-propanediamine as solvents, the
In(OH)3 nanoplates were obtained. Fig. 1(c) shows the nanoplate
has an edge length of 30–70 nm,  and a side length of 15–30 nm.
With careful observation, one can see that some interstices also
42 Z. Li et al. / Journal of Hazardous Materials 260 (2013) 40– 46
F ,2-pro
H
e
n
p
r
o
c
s
i
n
o
d
s
0
F
d
nig. 1. FESEM images of samples synthesized with different solvents: (a) ethanol/1
R-TEM image of a single nanoplate in (c).
xist in In(OH)3 nanoplates (Fig. 1(c)). The HRTEM image of a single
anoplate shown in Fig. 1(d) indicates that the nanoplate is com-
osed of many nanocrystals with smaller size. The above results
eveal that all three In(OH)3 precursors with different morphol-
gy are composed of much smaller building blocks, which is quite
ommon in a self-assembly process.
The crystal structure and the phase purity of the as-synthesized
amples with different solvents were veriﬁed by XRD. As shown
n Fig. 2(a)–(c), all as-synthesized samples whatever microspheres,
anocubes or nanoplates are pure body-centered cubic (bcc) phase
f In(OH)3 (JCPDS No. 01-073-1810) and no other impurities were
etected. After calcined at 500 ◦C for 2 h, all kinds of In(OH)3
amples were transformed into the cubic In2O3 phase (JCPDS No.
6-0416), as shown in Fig. 2(d)–(f).
0 20 40 60 80 100
2θ (degree)
In
te
n
s
it
y
 (
a
.u
.)
(f)
(e)
(d)
(c)
(b)
(a)
ig. 2. XRD patterns of as-synthesized In(OH)3 (a–c) and In2O3 (d–f) samples with
ifferent morphologies. (a and d) microspheres, (b and e) nanocubes and (c and f)
anoplates.panediamine; (b) H2O/1,2-propanediamine, (c) H2O/1,3-propanediamine, and (d)
The morphologies of the calcined samples, i.e. as-obtained In2O3
products were also observed by FESEM. Fig. 3(a) shows that the
In2O3 porous microsphere with a diameter of 180 nm is built of sev-
eral nanoparticles with diameters of 5–15 nm, which indicates that
the nanoparticles consisting microsphere aggregated during calci-
nation and became bigger. As shown in Fig. 3(b), the obtained In2O3
nanocubes have a side length of about 40–150 nm,  which indi-
cates that during calcination most of In(OH)3 nanocubes collapsed
into smaller fractures due to loss of water and the interstices in
In(OH)3 nanocubes. Although In2O3 samples obtained from In(OH)3
nanocubes agglomerated and their morphology distorted, many
particles still had a cube-like shape as indicated by white arrows in
Fig. 3(b). The size of nanoplates was  also changed during calcina-
tions and the surface displayed some defects, as shown in Fig. 3(c).
Hence, the morphologies and structures of In(OH)3 precursors play
an important role in the transformation from indium hydroxide to
indium oxide during calcination.
3.2. Pore structure and UV–vis absorption of as-obtained In2O3
Fig. 4 shows the N2 adsorption/desorption isotherm and the
pore-size distribution of In2O3 microspheres. The isotherms are
identiﬁed as type IV, which is the characteristic of mesoporous
materials. The pore-size distribution obtained from the isotherm
indicates the existence of a number of pores around 6 nm in the
sample. These pores presumably arise from the spaces among
nanoparticles consisting the microspheres, as observed in FESEM
image (Fig. 3(a)). The larger pores around 25 nm are attributed
to the spaces among microspheres. The Brunauer–Emmett–Teller
(BET) surface area of In2O3 microspheres was found to be 42.3 m2/g.
While the BET values of In2O3 nanocubes and nanoplates were 13.6
and 18.9 m2/g, respectively. The relatively higher BET surface area
of the microspheres further conﬁrms that the In2O3 microspheres
have a porous structure. Usually, a high surface area can offer more
active adsorption and reaction centers, and thus has a beneﬁcial
effect on the activity.
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The UV–vis absorption spectra of as-obtained In2O3 products
re shown in Fig. 5. The bandgap was estimated to be 2.68, 2.76
nd 2.72 eV for In2O3 microspheres, nanocubes and nanoplates,
espectively. The absorption of In2O3 microspheres and nanoplates
howed a slight red-shift compared with that of In2O3 nanocubes.
his slight difference in absorption might be caused by different
xygen vacancies contained in In2O3 microspheres, nanocubes and
anoplates, which will be discussed later in details. The red shift
henomenon could be explained by the interfacial polaron effect
rising from the electron–photon coupling and it is favorable for the
ormation of self trapped exciton from the free exciton ascribed to
he coexistence of rich oxygen vacancies among the gap [29]. Simi-
ar observations on the effect of oxygen vacancies in CeO2 on UV–vis
bsorption have been reported [30].
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3.3. Photocatalytic decomposition of PFOA by as-synthesized
In2O3
A series of comparative experiments were carried out to inves-
tigate the photocatalytic activity of different In2O3 products and
TiO2 for PFOA decomposition. The pH of PFOA solution with ini-
tial concentration of 30 mg/L was about 3.9 and no pH adjustment
was done during reaction. The results for photocatalytic decompo-
sition of PFOA are illustrated in Fig. 6. It must be emphasized that
PFOA is very stable under irradiation of 254 nm UV. In our experi-
ments, the direct photolysis of PFOA by 254 nm UV was  very slow
and negligible. As shown in Fig. 6, In2O3 microspheres show the
highest activity for PFOA with complete decomposition in 20 min,
while only 28.5% of PFOA decomposed by TiO2 in 180 min. And the
times to completely decompose PFOA with In O nanoplates and2 3
nanocubes were 40 min  and 120 min, respectively.
The photocatalytic decomposition of PFOA by different photo-
catalysts followed pseudo-ﬁrst-order kinetics. The rate constants
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0.0
0.4
0.8
1.2
1.6
In
2
O
3
 nanoplates
In
2
O
3
 porous microspheres
In
2
O
3
 nanocubes
Wavelength (nm)
A
b
s
o
rb
a
n
c
e
 (
a
.u
.)
Fig. 5. UV–vis absorption of In2O3 microspheres, nanocubes and nanoplates.
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Fig. 6. Photocatalytic decomposition of PFOA by different catalysts.
f PFOA decomposition by In2O3 microspheres, nanoplates,
anocubes and TiO2 were 7.94 h−1, 4.45 h−1, 1.83 h−1 and
.106 h−1, respectively. The corresponding half-life of PFOA decom-
osition with In2O3 microspheres was only 5.3 min, which was
early 75 times faster than that by TiO2 (391 min).
The intermediates, i.e. shorter-chain PFCAs with C2–C7
ormed during PFOA decomposition, were also determined by
PLC–MS/MS. Fig. 7(a) shows the time-dependence of perﬂuoro-
eptanoic acid (PFHpA) during reaction by using different In2O3
roducts. The In2O3 microspheres also show the best activity
or PFHpA decomposition. PFHpA concentration initially increased
o a maximum value within 15 min  and then decreased quickly.
hen the In2O3 nanoplates or nanocubes were used, the time that
FHpA reached the maximum value was 30 min  and 60 min, respec-
ively.
Fig. 7(b) shows the time-dependence of other PFCAs, i.e. PFHxA,
FPeA, PFBA, PFPrA, TFA during PFOA decomposition when the
n2O3 microspheres were used as photocatalyst. The concentration
f PFHxA also ﬁrst increased within 60 min  and then decreased.
owever, PFPeA and PFBA were detected after 30 min, and PFPrA
nd PFHxA were detected only after 90 min. These observations
uggest that photocatalytic decomposition of PFOA occurred in a
tep-by-step loss of the CF2 unit to form CO2 (decarboxylation) and
uoride ions as reported in literatures [17,18].
.4. Discussion
As described above, as-obtained three kinds of In2O3 materi-
ls all showed much better activity for PFOA decomposition than
25 TiO2. The PFOA decomposition rate by In2O3 microspheres,
anoplates and nanocubes were 74.7, 41.9 and 17.3 times as fast as
hat by P25 TiO2, respectively. As we previously reported [21], the
uperior activity of In2O3 can be attributed to the tight coordination
etween PFOA and In2O3 via a bidentate or bridging mode, which is
eneﬁcial for PFOA to be directly decomposed by photogenerated
oles of In2O3 under UV irradiation. The different photocatalytic
ctivity possessed by In2O3 with various nanostructures can be
ttributed to their differences in surface area and oxygen vacancies
s discussed below.
Since the photocatalytic reaction takes place on the surface of a
hotocatalyst, normally a high speciﬁc surface area has a beneﬁcial
ffect on the activity of catalysts. In this work, as-obtained In2O3
icrospheres, nanoplates and nanocubes had a BET surface area
f 42.3, 18.9 and 13.6 m2/g, respectively, which is nearly linear to
heir corresponding reaction rate. In addition, the PFOA decompo-
ition involves the direct charge transfer between In2O3 and PFOA,nanostructured In2O3 samples and (b) time-dependence of other shorter-chain
PFCAs during PFOA decomposition by In2O3 microspheres.
thus the chemical states of surface In and O elements may  have sig-
niﬁcant effects on PFOA adsorption and subsequent decomposition.
Fig. 8 shows the high-resolution XPS spectra of three as-synthesized
In2O3 materials. As shown in Fig. 8(a), the binding energies of the In
3d5/2 and In 3d3/2 levels are essentially the same, i.e. around 444.2
and 451.7 eV for all three In2O3 products, and agree with the values
reported in the literature [31–33].
As indicated in Fig. 8(b), all the O 1s core-level spectra are
asymmetrical with a hump on the higher binding energy (BE)
side, which can be ﬁtted to two components with peaks around
529.7 and 531.1 eV, respectively. The two  peaks of O 1s are dis-
tinguished as Oa and Ob [31,34,35]. The Ob has a BE about 1.4 eV
higher than that of the Oa. Fan [31] and Donley [35] suggested that
the Oa peak is assigned to O2− ions surrounded by In atoms with
their full complement of six nearest-neighbor O2− ions and the Ob
peak is assigned to oxygen atom that is adjacent to oxygen deﬁ-
ciency sites (i.e., they do not have neighbor In atoms with their
full complement of six nearest-neighbor O2− ions). It is hypoth-
esized that oxygen atoms adjacent to oxygen defect sites donate
some of their electron density toward In atoms that are no longer
fully coordinated. This donation of electron density toward the In
appears to cause the O 1s peak to shift toward the higher bind-
ing energy [35]. The Ob/Oa ratio therefore magniﬁes and provides
a sensitive indicator of the level of oxygen vacancy in the material.
The Ob/Oa ratios of three as-obtained In2O3 materials, i.e. micro-
spheres, nanoplates and nanocubes were determined as 0.80, 0.69
and 0.56, respectively. The high Ob/Oa ratio of In2O3 microspheres
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ay  be ascribed to ethanol used solvent during their solvother-
al  synthesis. It is well known that ethanol is a weak reducing
gent under high temperature and pressure. When the precursor is
reated solvothermally (ethanol as the solvent) at 180 ◦C for 16 h,
he oxygen vacancy should be generated on the surface of In2O3
anocrystals.
The Ob/Oa ratio of three In2O3 materials is well linear to
heir photocatalytic activity for PFOA decomposition as shown in
ig. 9, which is similar to those reported in literatures [36–38].
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surface of ZnO nanorods promotes the separation of photogen-
erated electron–hole pairs and thus enhances the photocatalytic
activity [36]. Meng and Kaxiras [37] reported that the organic dye
can bind around the O vacancy by inserting O atom from COOH
group into the position of vacancy on TiO2 surface, and resultantly
the oxygen vacancy defects stabilize dye adsorption and facili-
tate charge injection. Furthermore, STM observations revealed that
formic acid can also bond to TiO2 (1 1 0) surface by inserting an O
atom of formate into an oxygen vacancy site to form bridge and
monodentate conﬁgurations, and oxygen vacancies are essential
for the catalytic dehydration reaction process of formic acid on the
TiO2 surface [38]. Considering that PFOA molecules own  a terminal
COOH group, it is suggested that PFOA molecules can also insert
an O atom from its COOH group into an oxygen vacancy site on the
In2O3 surface to form tight and close contact with In2O3, which is
beneﬁcial for direct charge transfer and subsequent photocatalytic
decomposition under UV irradiation. As-obtained In2O3 materials,
especially porous microspheres, have high oxygen vacancy defects,
thus they show efﬁcient photocatalytic activity for PFOA decompo-
sition.
4. Conclusions
Three kinds of In(OH)3 materials with different nanostruc-
tures, i.e. porous microspheres, nanocubes and nanoplates were
solvothermally synthesized with ethanol/1,2-propanediamine-
ethanol, H2O/1,2-propanediamine and H2O/1,3-propanediamine
as solvents, respectively. The corresponding In2O3 materials with
similar nanostructures were obtained by calcination of In(OH)3 pre-
cursors at 500 ◦C for 2 h. All three kinds of In2O3 products possessed
much better photocatalytic activity for PFOA decomposition than
commercially available TiO2. Particularly, In2O3 microspheres had
the highest activity, by which the photocatalytic decomposition
half-life of PFOA was shortened to 5.3 min, while that was 391 min
by TiO2. The differences in decomposing PFOA showed by different
In2O3 materials can be attributed to their differences in speciﬁc sur-
face area and oxygen vacancy. The magnitude of oxygen vacancies
was found to be linear to their photocatalytic activity.
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